The Christiansen-Douglas-Haldane effect, in short the Haldane effect, describes the dependence of the C02 binding afblood on the degree of oxygenation of haemoglobin. Under the physiological conditions of an 'open' system between blood and alveoli the partial pressure of arterial C02 (P a CO]), must be less than that of mixed venous blood (PvCO]). During the unphysiological conditions of a 'closed'system, e.g. hyperoxic apnoea, i.e. continuous oxygen uptake without C02 delivery by the lungs, the P aC02 will not only approximate the PvC02 but will even exceed it. Without the Haldane effect, rapid adjustment ofPaco2 to PvC02 would be expected during apnoea due to the lack of co 2 excretion. If, however, as undertaken in this study, ongoing oxygenation (high alveolar P02 (PACO]) with concomitant lack of C02 delivery (apnoea, i.e. the C02 concentration remains constant) lead to a continuing sufficient oxygenation of blood during its passage through the lung capillaries, then this leads to a rightwards shift of the C02 binding curve -the Haldane effect. The resulting increase in PC02 as shown here actually leads to an arterial-mixed venous C02 partial pressure difference (avDPco]) of 2.8±1.8 mmHg. The results described substantiate for the first time the existence of the Haldane effect under clinical conditions.
of oxyhaemoglobin (02Hb) compared with that of deoxygenated Hb (Hb). The dissociation of carbonic acid necessary for the C02 uptake in the periphery is therefore increased the more the deoxygenation of Hb progresses during the tissue capillary passage of blood. Furthermore, the deoxygenated Hb is more capable of binding C02 in the carbamino form (the direct attachment of C02 to the protein component of Hb). [2] [3] [4] PHYSIOLOGICAL BACKGROUND
Gas transport between lung and periphery
The partial pressure gradients of 02 and C02 hold the key to an understanding of gas movements: 02 'streams' out of the air through the alveoli and the blood into the tissue, along its tension gradient, while C02 moves in the opposite direction from tissues to alveoli also according to its pressure gradient. According to Fick's first gas law and the principles of diffusion and diffusion rates, the driving force of gas exchange is the partial pressure difference '.6p' between alveoli and pulmonary blood for oxygen and between pulmonary blood and alveoli for C02, respectively. However, the amount of both gases transported to and from the tissues would not satisfy metabolic needs if the dissolved 02 did not bind with haemoglobin, or the transport of C02 was not facilitated by the variety of reversible chemical reactions. Under normal circumstances the presence of haemoglobin increases the oxygen transport capacity 70-fold, while the reversible chemical reaction of C02 increases its blood concentration 17-fold. These quantitative relationships as drawn from the relevant literature are summarised in Table 1 .
Buffer Junction oJ C02 and Rh
The reversible chemical reactions of C02 are part of the blood buffer system. Carbonic acidlbicarbonate buffer is the most important inorganic buffer system. The pK value of this system in comparison to the pH value of the blood is relatively low. Nevertheless, it is the strongest buffer system because the level of carbonic acid in the plasma is in direct equilibrium with the amount of dissolved carbon dioxide, the concentration of which is controlled by respiration.
The most important organic buffer system in the blood is haemoglobin. This is provided by dissociation of the imidazole group of the histidine residues in Hb. The free carboxyl and amino groups operating in a pH range of 7.0-7.7 have a relatively small buffer capacity. Because each molecule contains 36 histidine residues and the large amount of haemoglobin, it exerts a six-fold buffer potential compared to the plasma proteins. Moreover, a special property of haemoglobin is that the imadazole groups are less dissociated in their deoxygenated state (Hb) than in their oxygenated form (02Hb): Hb is therefore a weaker acid than 02Hb and as a result is a better buffer (source of the Christiansen-Douglas-Haldane effect: see above).
Transport oJ C02
The amount of C02 accumulating in the periphery is taken up by the blood in several transport forms: as Table 1 shows, the C02 solubility in blood being approximately twenty times greater than that of oxygen, results in a considerably greater amount of C02 than 02 present in solution. C02 diffusing into the erythrocytes is rapidly hydrated to carbonic acid by carbonic anhydrase. Carbonic acid then subsequently dissociates into H + and HC03 -. The hydrogen ions are initially buffered by haemoglobin while the bicarbonate diffuses into the plasma. Part of the C02 inside the erythrocytes reacts mainly with the amino groups of haemoglobin to form the carbamino-bound species. Since deoxygenated Hb favours carbamino-bound transport of C02 more than oxygenated Hb, its transport in venous blood is considerably facilitated. The amount of C02 transported in the carbamino form from the capillaries to the lung is approximately 20%. The foregoing aspects favour the uptake of C02 by blood in the peripheral tissues.
In quantitative terms, approximately 50 ml CO 2 per 100 ml of arterial blood ( Table 1) will consist of 3 ml physically dissolved, about 3 ml present as carbamino-bound and 44 ml available as bicarbonate. In the peripheral tissues, another 5 ml C02 per 100 ml of blood are added under basal metabolic conditions. Of this, 0.5 ml C02 remain in solution, 1.0 ml becomes carbamino-bound and about 3.5 ml form bicarbonate. The pH level of blood drops from 7.40 to 7.36. The reverse takes place in the lungs where, due to the oxygen uptake by haemoglobin (formation of 02Hb), the blood's binding capacity for C02 is reduced and as a result the C02 delivery into the alveoli is increased. In this manner about 200 ml C02 per minute at rest and far greater amounts during exercise are transported from tissue to the lungs, where respiration completes the process of excretion. 
The implications of the Christiansen-Douglas-Haldane effect
I t applies to both processes, C02 uptake by blood in the tissues as well as C02 excretion by the lungs.
This effect influences C02 exchange via diffusion. 1, 3, 4 The content of chemically bound C02 in the blood is substantially dependent on the partial pressure of C02 which is a result of the C02 production in the tissues and its excretion by the lungs. In Figure 1 the relationship between the concentration of C02 (Cc02:ml/dl) and PC02 (mmHg) is shown for oxygenated haemoglobin as well as for deoxygenated haemoglobin.
For the same CC02 the PC02 will be higher in 02Hb than in Hb. Stated vice versa, for the same PC02, less C02 is bound by 02Hb.
The figure illustrates the extent to which erythrocytes, depending on their degree of oxygenation, influence the C02 transport capacity of blood (the curves show the total C02 content for completely oxygenated as well as for deoxygenated blood). The fact that oxygen itself has no effect on the CO 2 bound to blood while on the other hand the binding capacity for C02 decreases with an increasing oxygen saturation has been shown among other things by Christiansen, Douglas and Haldane even at P02 values ranging between 25.8 mmHg (S02 40%) and 660 mmHg (S02 98%).1 Should the CO 2 diffusing from the blood into the alveoli not be eliminated by respiration, it would have to be expected that, as a consequence of the Haldane effect, at a constant C02 concentration -with maintained oxygenation of blood in the lungs (high Pa02, e.g. hyperoxic apnoea)not only would the P A C02 become identical with the PvC02, but would even exceed it by the amount induced by the Haldane effect.
As C02 is removed from the alveoli by respiration, the amount of C029 in the blood during its passage through the lungs is reduced so far that the PaC02 falls below the value of PC02 in mixed venous blood (PvC02) ( Figure   1 ).
Since PaC02 is lower than PvC02 in physiological respect it follows that, inevitably, the pH value of arterial blood (pHa) is higher than the mixed venous value (pHv) (a smaller concentration of carbonic acid in arterial than in venous blood). The fall in blood acidity due to C02 excretion predominates over the increase in acidity due to oxygen uptake during the passage through the lung.
From the foregoing it becomes evident that the Haldane effect cannot be seen under physiologically normal circumstances, a fact due to the elimination of C02 by the lungs. Because of the great physiological significance of the effect, verification of its mechanism in vivo has long been attempted using animal experiments incorporating C02 rebreathing and apnoea models. Details are to be found in reference 5.
But, for the correct interpretation of any in vivo proof, a distinction between the physiological so-called 'open' and the unphysiological 'closed' system must be made. During the unphysiological situation of a 'closed' system such as for example C02 rebreathing and, above all, hyperoxic apnoea (high P A02~Pv02), one has to consider a continuous 02 uptake into the blood with concomitant lack of C02 excretion by the lungs (from a theoretical standpoint CC02 must remain constant under these circumstances) which will lead to the following:
The PaC02 and pHa initially will align their values with those OfPvC02 and pHv while as a function of both PvC02 as well as PaC02 climb constantly while the pHa and pHv keep falling.
Only under these circumstances the different acidities ofHb and 02Hb -usually covered up by the influences of CvC02 or CaC02 on the pH value -can be unmasked: it results in a drop of pHa below pHv thus proving both constant CC02 and the Haldane effect. As a consequence, the C02 binding capacity of arterial blood falls, the value of PaC02 exceeds that of PvC02 and the difference between pHa and pHv increases even further.
Under these conditions (continuing oxygen uptake with no C02 excretion), it is possible to substantiate the Haldane effect in vivo. Nevertheless, no previous investigations have yet described the influence of the Haldane effect in man under normal clinical circumstances. We therefore designed a study to examine whether the Haldane effect operated under clinical circumstances using the model of the 'closed' system of hyperoxic apnoea.
MATERIALS AND METHODS

Patient population
Eighty patients presenting for elective coronary bypass grafting were included in the study. Exclusion criteria were: • concomitant pulmonary disease, • concomitant shunt defects, • concomitant valvular abnormality, • the need for drug-based circulatory support during the period of investigation. The patients were informed as to the scope and risks of the study and their written consent was obtained. The study conformed to institutional guidelines for human subject research.
On the evening before operation, all patients received 2.0 mg flunitrazepam orally. A further 2.0 mg of flunitrazepam was administered orally as premedication on the morning of their surgery. On arrival in the induction room and following insertion of a peripheral venous line, a further 0.01 mg/kg body weight of flunitrazepam were given intravenously. An arterial cannula was placed in the left radial artery and a Swan-Ganz catheter inserted via the external jugular or internal jugular vein. Before induction of anaesthesia all patients were denitrogenated for three minutes with a flow of 6-1 0 litres 02/ minute (i.e FI02 = 1.0), using a close-fitting mask and a semi-closed circle breathing system. 6 Induction of anaesthesia included fentanyl, 25 Ilg/kg, etomidate 0.1 mg/kg and pancuronium 0.1 mg/kg. When spontaneous breathing had ceased, the patients were at' normocapnia (controlled by Normocap®) with a minute volume of 70-90 ml/kg and a 6 litres 02/minute fresh gas flow (FI02 = 1.0). Five minutes after pancuronium had been administered, blood was drawn simultaneously for an immediate arterial and mixed venous blood gas analysis. Artificial ventilation was then stopped, laryngoscopy performed, a stomach tube and an oesophageal temperature probe were inserted, and the patient then intubated orotracheally. Before recommencing ventilation, further arterial and mixed venous blood samples were drawn simultaneously.
Measurements and statistical analysis
Intubational apnoea times ranged between 60 and 180 seconds. These were assigned to three groups as follows: Group I 60 -100 seconds Group 11 : 101 -140 seconds Group Ill: 141 -180 seconds All arterial and mixed venous blood samples were analysed using the Coming pH 170/BGA and the Coming CO-oxymeter 2500. From the values obtained in this way (pH, BE, PC02, HC03, P02, S02, CHb, COHb, MetHb, Hb, C02), the following were evaluated: pHa and pHV-, Sa 0 2 and SV-0 2 (%), PaC02 and PV-C02' Statistical analysis of the data was performed with the NWA-STAT-PAK program. After an examination of values on a normal distribution, the paired and unpaired Student's t-test were used to test for statistical significance. An error probability of 1 % was assumed as being significant. Table 2 shows the development of parameters investigated. Values marked with an asterix (*) describe the significance in proportion to the initial value (P < 0.01). The numbers in brackets represent the standard deviation from the mean.
RESULTS
The so-called 'PC02 reversal', i.e. the moment when P aC02 exceeds PV-C02, can be seen after one minute. For an apnoea lasting more than 140 seconds, the PV-C02 lies on average 2.8 mmHg below the value for PaC02. The corresponding pH values move in a reciprocal direction: before apnoea the pHVwas 0.03 units below the pHa, after one minute, it fell below the pHV-by 0.02 units. This relationship remained constant in all three apnoea groups. Moreover, during the entire period of observation the measurement results for arterial (Sa02) and mixed venous (SV-02) oxygen saturation showed stable values, which correspond to a continuously increasing oxygenation of haemoglobin from 80% (SV-02) towards 100% (Sa02) during lung transit ( Figure 2 ).
DISCUSSION
Within the 'closed' system of hyperoxic apnoea, defined by lack of C02 excretion and maintenance of 02 uptake one would expect a rapid equilibration between PaC02 and PV-C02' However, the demonstrated findings show not only a rapid alignment OfPaCo2and PV-C02 but a time-dependent further increase of both parameters where, ultimately, the PaC02 became greater than the PyC02 (Table   1 ) .
Consequently a similar -though reverse -development can be shown for the values of arterial and mixed venous pH with pHa falling below pHY.
Theoretically, several possible hypotheses could be responsible for this 'paradoxical phenomenon': 1. The higher PaC02 (and the lower pHa) is a consequence of venous shunting via the Thebesian veins and the bronchial veins. 2. The higher PaC02 (and the lower pHa) is a consequence of an increasing intrapulmonary right-left shunt. 3. The higher PaC02 (and the lower pHa) is a consequence of the Christiansen-Douglas-Haldane effect. From a merely quantitative aspect, venous shunting via the Thebesian veins (0.3% of the cardiac output) as well as through the bronchial veins (less than 1 % of the cardiac output), is too small a fraction in patients without coarctation of the aorta and with normal lungs to markedly influence the results observed and can be ruled out as postulated. 7 The PC02 of any intrapulmonary shunt blood is qualitatively identical with that of mixed venous blood and for this reason can also be excluded as a cause of this phenomenon. The Christiansen-Douglas-Haldane effect therefore remains as the only plausible explanation for the sequence of observations described in this study and shown in Table 2 .
If the interpretation of our findings is correct, it should be possible to prove their theoretical basis as proposed in the introduction. Figure 2 shows the physiological part of the C02 binding curves of oxygenated and deoxygenated haemoglobin taken as a section from Figure 1 . Given a PC02 of 40 mmHg, if the oxygen saturation of haemoglobin is reduced from 100% to 0% in vitro, there will be an increased C02 binding capacity of approximately 10 ml/dl. In the in vivo situation with reduction of oxygen saturation by approximately 20-30%8 and increase in PC02 to approximately 60 mmHg depending on the metabolic rate, there would be a rise of approximately 15 mlldl in C02 binding capacity of Hb (derived from Reference 1). This is indicated partly by the line AB in Figure 2 . In normal and anaesthetised states (i.e. C02 elimination by the lungs, desaturation in peripheral tissues and resaturation in the lungs) an arterial-venous L.PC02 of 4.4 mmHg can be expected ( Figure  2 ). Note that the normal blood PC02 ranges between the limits of 40 mmHg in arterial blood and 45 mmHg in venous blood and that the normal CC02 is about 50 ml/dl but that only 4.0 ml/dl of this is actually exchanged during normal transport of CC02 from the tissues to the lungs 3 . That is, the CC02 rises to about 52 mlldl as the blood passes through the tissues, and falls to about 48 ml/dl as it passes through the lungs.
If however, as determined by our experimental protocol the elimination of C02 via the lung is prevented (apnoea: 'closed system'), its concentration during transit through the lung (i.e. from mixed venous to arterial) must remain constant. Therefore, if C02 binding capacity of the blood is unchanged, a mixed-venous/arterial PC02 difference of 0 mmHg would have to be expected.
However, since simultaneous oxygenation of blood during lung transit is maintained (high PA02 following hyperoxic denitrogenation), the C02 binding curve must be shifted to the right, according to Christiansen, Douglas and Haldane 6 the C02 binding capacity will be reduced as a result of the oxygenation of haemoglobin. Due to the constant C02 concentration, the PC02 must increase due to the shift of the binding curve to the right. The theoretically expected increase in PC02 with an oxygen saturation rising from the 80% to 100% amounts to 2.758 mmHg (the interval on abcissa between both vertical lines in Figure 2 ).
In our case, the increase of S02 from 80.4% (Sv02) to 97.4% (Sa02) represents a LS02 of 17%, with a corresponding increase in PC02 of 2.8±1.8 mmHg in Group III for example ( Table 2 ). This implies that both the predicted theoretical and the measured value -at least in Group III which sustained the longest apnoea -lie within the maximum confidence limits expected in a clinical investigation.
The observed pH changes are also in agreement with the predicted theoretical values. According to Nunn,7 the combination of an increase in PC02 of a 6 mmHg and a 25% fall in S02 will result in a decrease of pH of 0.033 units. In comparison, a drop of S02 alone from 100% to 0% at a constant PC02 of 40 mmHg will initiate a pH increase of 0.03 units. It therefore follows that under the influence of a constant PC02 and increase in S02 of 17%, the pH will fall 0.004 units only. In our case, an increase in PC02 of 2.8 mmHg caused a fall in pH of 0.0 18 units which must be added. The actual pH drop of 0.02 units measured agrees with the theoretically expected fall of 0.022 units. These data and derivations have for the first time, substantiated under clinical conditions the Christiansen-Douglas-Haldane effect: adequate oxygenation of the blood during apnoea causes the arterial PC02 to exceed the value of the mixed venous PC02 and the pHa less than pHv, this 'paradoxical' reversal only being demonstrable during a 'closed' system using hyperoxic apnoea prior to intubation. 
CONCLUSIONS
In contrast to the physiological 'open' system where PaC02 < PyC02 and pHa> pHv, a 'paradoxical reversal' of PC02 and pH can be demonstrated in the unphysiological 'closed' system of hyperoxic intubation apnoea: PaC02> PyC02 and pHa<pHv.
The results presented prove for the first time that the Christiansen-Douglas-Haldane effect occurs under clinical circumstances.
The results and their interpretation show that the combination of PaC02 > PvC02 and pHa < pHv is not an error in measurement or equipment but is a consequence of the Christiansen-Douglas-Haldane effect.
